We study the formation of engineered ferroelectric domains in two dimensions based on a continuum approach that incorporates the long-range elastic and electrostatic interactions. The model is also used to simulate the piezoelectric properties of the engineered domain configurations and the response is compared with that of an analogous single domain state. The results show that the low field piezoelectric constants for the engineered configuration are very close to those obtained for the corresponding single domain state and the domain wall influence is not significant. For high fields, domain walls act as nucleation sites for an electric field induced structural transition.
If an electric field is applied to an unpoled ferroelectric material along a direction that is not one of the polar axes, stable domain configurations termed engineered domains are formed. There is considerable interest in these domain configurations as they exhibit large piezoelectric response. 1, 2 It is believed that this ''superpiezoelectric'' response is due to the symmetry change caused by a rotation of the polarization towards the direction of the applied field. 3 It is important to understand to what extent the large response is influenced by the presence of domain walls in the engineered configuration. Recent studies have shown that the low field piezoelectric response of the engineered domain configuration of 0.67Pb͑Mg 1/3 Nb 2/3 )O 3 -0.33PbTiO 3 is very close to that of single domain data after a rotation transformation of the coordinates. 4, 5 However, for large fields, the presence of domain walls may influence the piezoelectric response. In this letter, we theoretically study the effect of domain walls on the piezoelectric properties of engineered domains as a function of the applied field over a range of electric field values.
The electromechanical response of ferroelectrics poled along nonpolar directions has been studied theoretically using first-principle calculations. 3 A continuum Landau theory describing a single domain or homogeneous state has also been used to study electromechanical properties of BaTiO 3 as a function of temperature and electric field direction. 6 Although such calculations provide valuable insights into the physics of the polarization-strain coupling, they do not describe inhomogeneities due to domains and domain walls. Here we use a continuum time-dependent Ginzburg-Landau framework 7 that incorporates long-range elastic and electrostatic interactions which are crucial to describe multidomain states and domain walls. To illustrate the underlying principles, we restrict to a two-dimensional ͑2D͒ ferroelectric system. However, we choose free energy parameters relevant for BaTiO 3 which were used in Ref. 6 .
The free-energy functional for a 2D ferroelectric system is written as FϭF t ϩF em ϩF es . Here F t is the transformation free energy 6 that describes the ferroelectric transformation and is given as
͑1͒
where P x and P y are the polarization components. The homogeneous part of local free energy is expanded as a polynomial in the polarization, i.e.:
The free energy coefficients ␣ 1 ,␣ 11 ,...,␣ 112 determine the ferroelectric phase and the gradient coefficients g 1 , g 2 , and g 3 are a measure of domain wall energies. E x and E y are the components of an external electric field. The electromechanical contribution to the free energy can be expressed as a long-range interaction between the polarization fields as
where the kϭ0 mode has been excluded from the above integral. Such an interaction is obtained by eliminating the strains from the elastic free energy, subject to the elastic compatibility relations. 8 The constant is the strength of this nonlocal interaction and, hence, it influences the underlying microstructure. The quantities ⌫ 1 (k), ⌫ 2 (k), and ⌫ 3 (k) are, respectively, the Fourier transforms of 
The integral in Eq. ͑4͒ also excludes the homogeneous kϭ0 mode. The quantity is the strength of this interaction. The total energy is defined by FϭF t ϩF em ϩF es with two additional constants, i.e., and , which are essential for the description of multidomain states. The dynamics of the polarization fields is given by the relaxational time-dependent Ginzburg-Landau equations ‫ץ‬ P i /‫ץ‬tϭϪ␥(␦F/␦ P i ), where ␥ is a dissipation coefficient and iϭx, y represents the polarization components. We first introduce rescaled variables defined as uϭ P x / P 0 , v ϭ P y / P 0 , ϭr/␦ and t*ϭ␥͉␣ 1 (T 0 )͉t, where T 0 is a fixed temperature. In this work, we use the parameters 6 for BaTiO 3 for the free energy f local . The parameters which can be dependent on the temperature T are: Ϫ7 V m 3 /C quoted in the literature. 9 To calculate the rescaled quantities, we use T 0 ϭ298 K and P 0 ϭ0.26 C m Ϫ2 , and ␦ϳ6.7 nm. The values chosen for the long-range parameters are ϭ0.25͉␣ 1 (T 0 )͉/ P 0 2 and ϭ20⑀ 0 ͉␣ 1 (T 0 )͉.
The time-dependent Ginzburg-Landau model with the rescaled parameters is used to simulate the domain patterns and electromechanical properties. The equations are discretized on a 128ϫ128 grid with the Euler scheme using periodic boundary conditions. For the length rescaling factor ␦ϳ6.7 nm, this discretization corresponds to a system of size ϳ0.85 mϫ0.85 m. We simulate the properties of this 2D model at Tϭ273 K. At this temperature, in absence of the applied field, the minima of the free energy f local define a rhombic ferroelectric phase with the four degenerate states ͑Ϯ0.21,ϯ0.21͒ C m Ϫ2 and ͑Ϯ0.21,Ϯ0.21͒ C m Ϫ2 . The dynamical equations are solved starting from small amplitude random initial conditions corresponding to a quenched paraelectric phase. Domains of the four degenerate states form and a domain growth process takes place. Eventually, the growth stops and a stable multidomain state shown in Fig. 1͑a͒ is obtained. To simulate the effect of an external electric field, the evolution equations are solved with a varying E y ͑electric field in the ͓01͔ direction͒ while E x is kept at zero. The domain configuration of Fig. 1͑a͒ is the initial condition as E y is varied quasistatically ͑the system is allowed to relax for t*ϭ1000 after each change͒ from E y ϭ0 to E y ϭ72.07 kV/cm in steps of 1.85 kV/cm. On applying this field, a stable multidomain state that has only two of the variants ( P y Ͼ0) is formed at E y ϭ5.54 kV/cm ͓Fig. 1͑b͔͒. This configuration is a 2D analog of the engineered domains observed in recent experiments. 1, 2 This engineered configuration persists until E y ϳ51 kV/cm, although individual polarization vectors gradually rotate towards the ͓01͔ direction. Figure 1͑c͒ shows the domain pattern at E y ϭ51.74 kV/cm. Here we can clearly see that polarization vectors have rotated and at the domain wall, the polarization is almost aligned with the ͓01͔ direction. Thus, the domain boundaries serve as a nucleation source for an electric field induced structural transition from a rhombic to a rectangular ferroelectric phase. The transition is complete at E y ϭ53.59 kV/cm, as is clear from Fig. 1͑d͒ where all the polarization vectors are aligned along the ͓01͔ direction. If we remove the field, the situation shown in Fig. 1͑d͒ remains in a single domain rectangular state.
In Fig. 2͑a͒ , we show the variation of average polarization components ͗P x ͘ and ͗P y ͘ for the situation depicted in Fig. 1 . The appropriate single domain behavior starting from a polarized state P x ϭ0.21 C m Ϫ2 and P y ϭ0.21 C m Ϫ2 is also shown. Polarization rotation and field induced transition at E y ϳ53 kV/cm for the multidomain state are apparent from this figure. Interestingly, the transition occurs at a higher field value E y ϳ69 kV/cm for the single domain state. This is due to the fact that in the single domain state, there are no nucleation mechanisms. Nucleation sources exist in the multidomain state due to the domain walls. In the single domain calculations of Bell, 6 the field induced transitions occurred at much higher values than the experimental values for multidomain systems. The present calculation suggests that domain walls can help to reduce the transition field value, similar to the effect of dipolar defects in reducing the coercive field during switching.
8 Figure 2͑b͒ shows the electromechanical response for this situation for both single and multidomain states. The uniaxial strain is calculated using the average ͗ yy (E y )͘Ϫ͗ yy (0)͘, where yy ϭQ 11 P y 2 ϩQ 12 P x 2 . To compare the piezoelectric coefficient d 33 values for the single and multidomain states, we depict in the inset of Fig.  2͑b͒ ample at E y ϭ36.29 kV/cm, we obtain the multidomain d 33 ϳ371 pC/N and the corresponding single domain d 33 ϳ356 pC/N. In contrast, at E y ϭ50.99 kV/cm, we find that the multidomain value d 33 ϳ685 pC/N and single domain value d 33 ϳ372 pC/N. The difference between the single domain and multidomain electromechanical response ͑i.e., d 33 values͒ just below the multidomain transition field value is a consequence of the proximity of the system to the field induced rhombic to rectangular transition ͑which occurs at a higher field value for the single domain state͒.
To conclude, we have used a Ginzburg-Landau formalism to study the electromechanical properties of domain engineered ferroelectrics. The model calculation incorporates nonlocal elastic and electrostatic effects. The simulations demonstrate that domain walls do not significantly influence the piezoelectric response at small fields. However, at high fields, domain walls act as nuclei for field induced structural phase transitions and consequently the transition occurs at lower field values for the engineered multidomain state compared to the corresponding single domain state. The low field behavior is consistent with the reported results on 0.67Pb͑Mg 1/3 Nb 2/3 )O 3 -0.33PbTiO 3 . 4, 5 Further experiments would test our predictions about the role of domain walls as nucleation sites.
